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This  residual  "light  shift"  of  -1.5  x 10"10  appears  to  be  due  to  magnetic 
field  inhomogenity  in  the  physics  package  which  produces  a frequency  shift 
(pseudo  light  shift)  that  mimics  a true  light  shift.  When  the  C-field  homog- 
eneity was  improved,  this  pseudo  light  shift  was  reduced  from  -1.5  x 10_1# 
to  < 1 x 1C”1*  (limit  of  detectability  ).  Unfortunately,  due  to  time  limi- 
tations, it  was  not  possible  to  make  long-term  stability  measurements  under 
the  conditions  of  improved  C-field  homogeneity  and  negligible  pseudo  light 
shift. 

The  short-term  stability  of  the  pulsed  optical  pumping  frequency  standard 
was  measured  and  found  to  be 
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This  is  comparable  to  commercial  rubidium  frequency  standards,  and  exceeds  the 
performance  of  most  commercial  cesium  standards.  This  good  short-term  stabilit, 
was  made  possible  by  a dual  photocell  compensation  scheme  that  was  developed 
as  part  of  this  work. 
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INTRODUCTION 

This  is  the  final  report  for  the  work  on  pulsed  optical  pump- 
ing performed  under  ONR  Contract  No.  N00014-77-C-0646.  Work  per- 
formed during  the  period  1 September  1977  to  31  August  1978  is 
described  in  a previous  report:  Annual  Summary  Report  dated  31 

MM  ■*»». ! TT|»  UH»III>|  HI  Ml  Hu  u __ 

August  1978  (ONR  Report  No.  N00014-77-C-0646-001 ).  Subsequent 
work  is  described  in  the  present  report  and  consists  of  two  parts: 
(1)  Work  performed  during  the  period  31  August  1978  to  31  December 
1978,  and  (2)  work  performed  during  1979.  Most  of  item  (1)  was  the 
subject  of  a paper  that  was  presented  at  the  Tenth  Annual  Conference 
on  Precise  Time  and  Time  Intervals  (PTTI)  that  was  held  at  the  Naval 
Research  Laboratory  in  Washington  D.C.  on  28-30  November  1978. 

A preprint  of  this  paper  is  included  as  Appendix  A of  the  present 
report.  Item  (2)  has  not  previously  been  reported  and  is  described 
in  the  next  section,  along  with  that  portion  of  item  (1)  that  is 
not  contained  in  Appendix  A. 

WORK  PERFORMED  DURING  1979 
Device  Modifications 

A number  of  device  modifications  were  made  during  1979.  All 
of  these  modifications  were  made  for  the  purpose  of  reducing  de- 
vice sensitivity  to  changes  in  ambient  temperature,  and  to  further 
Improve  long-term  stability.  Four  device  improvements  were  made, 
as  described  below. 

(1)  The  previously  used  synthesizer  board  was  replaced  by  a 
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new  one  having  an  improved  temperature  coefficient. 

(2)  A high-stability  current  regulator  was  constructed  and 
used  to  supply  the  C-field  current  which  should  restrict 
fractional  frequency  changes  due  to  changes  in  C-field 
current  to  <lxl0”13. 

(3)  The  previous  resonance  cell  was  replaced  by  a new,  dual 
buffer  gas  cell  designed  to  have  a very  small  temperature 
coefficient. 

(4)  The  PIN  diodes  used  in  the  10  MHz  phase  modulator  were  pre- 
viously reported  to  be  sensitive  to  changes  in  ambient 
temperature.  For  this  reason  these  diodes  were  placed 

in  a temperature-controlled  oven. 

Resul ts 

Upon  completion  of  the  device  changes  listed  above,  it  was  discover- 
ed (quite  unexpectedly)  during  preliminary  testing  that  the  tem- 
perature coefficient  of  the  new  buffer  gas  resonance  cell  was  very 
nearly  the  same  as  for  the  previous  single  buffer  gas  cell.  The 
dual  buffer  gas  cell  is  filled  with  12  Torr  of  and  10.8  Torr  of 
Kr.  According  to  the  data  given  by  Missout  and  Vanier,1  this  com- 
bination of  buffer  gases  should  have  a very  small  temperature  co- 
efficient in  the  absence  of  light  shifts.  Figure  1 shows  the  tem- 
perature dependence  of  output  frequency  for  this  cell  as  a function 
of  cell  temperature.  The  temperature  coefficient  (TC)  of  +5.5xlO”10/ 
°C  (change  in  fractional  frequency  per  degree  centigrade)  Is  not 
much  different  from  the  mean  value  of  +6.5xlO“»o/OC  for  the  previous 
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Figure  1.  Dependence  of  output  frequency  (Af/f)  and  resonance 
signal  on  cell  temperature  for  a dual  buffer  gas  rubidium  res- 
onance cell  containing  10.8  Torr  Kr  and  12  Torr  N2.  The  slope 
of  the  curve  marked  Af/f  corresponds  to  a TC  of  +5.5  x 10"10/°C. 
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single  buffer  gas  cell  (Figure  2).  The  "theory"  of  Missout  and 
Vanier,  when  applied  to  the  single  buffer  gas  cell,  gives  a pre- 
dicted TC  of  7xlO"10/°C,  in  good  agreement  with  the  observed  value. 
However,  when  applied  to  the  dual  buffer  gas  cell,  it  predicts  a 
zero  TC.  In  practice  the  TC  is  limited  by  one's  ability  to  ac- 
curately measure  the  pressures  of  the  two  gases,  but  even  so  we 
expect  a reduction  in  the  TC  (compared  to  a single  buffer  gas)  by 
at  least  a factor  of  5 to  10.  This,  of  course,  is  contrary  to  what 
is  observed.  This  seems  to  indicate  that  the  TC's  of  different 
gases  cannot  be  added  algebraically  to  determine  the  TC  of  a mix- 
ture of  gases.  Another  (related)  possibility  is  that  the  results 
of  Missout  and  Vanier  were  affected  by  light  shifts,  as  they  them- 
selves have  indicated.  Thus,  any  results  obtained  in  the  absence 
of  light  shifts  would  be  expected  to  differ  from  their  results. 

After  these  modifications  were  made,  a trial  run  was  conducted 
to  determine  if  any  improvement  in  stability  had  resulted.  The  trial 
run  consisted  of  monitoring  the  frequency  stability  over  a period  of- 
approximately  25  hours  in  a room  where  there  were  large  variations 
in  ambient  temperature  (up  to  nearly  10°C)  during  the  test  period. 

The  results  were  unsatisfactory:  the  device  still  exhibits  a sig- 
nificant temperature  coefficient  of  output  frequency,  probably  due 
mainly  to  the  large  TC  of  the  resonance  cell  itself.  Also,  since 
the  C-field  power  supply  had  been  completely  redesigned  (modifica- 
tion (2),  above)  it  was  not  convenient  to  use  the  C-field  tempera- 
ture compensation  scheme  that  was  used  previously  (pp.33,  ONR  Report 
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Figure  2.  Dependence  of  output  frequency  (Af/f)  on  cell  temperature 
for  a single  buffer  gas  rubidium  resonance  cell.  The  experimental 
points  are  fit  by  two  straight  lines,  A and  B.  The  mean  slope  of 
these  two  lines  corresponds  to  an  average  TC  of  +6.5  x 10‘10/°C. 
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No.  N00014-77-C-0646-001 ).  In  view  of  these  two  considerations, 
the  results  obtained  are  not  surprising. 

At  this  point,  the  number  of  hours  remaining  under  the  con- 
tract had  been  nearly  exhausted  so  that  it  was  evident  that  it 
was  not  feasible  to  pursue  these  problems  further.  Nevertheless, 
it  is  felt  that  the  problems  encountered  could  have  been  solved 
if  additional  time  had  been  available:  In  effect,  it  was  neces- 
sary to  discontinue  the  work  during  the  debugging  phase  follow- 
ing the  device  modifications.  Thus  a fair  test  of  the  value  of 
the  modifications  was  not  possible. 

WORK  PERFORMED  DURING  1978  AND  NOT  REPORTED  ELSEWHERE 
Line  Shape  Distortion 

During  September  1978,  test  equipment  was  constructed  (using 
Efratom  internal  funding)  that  allows  both  AM  and  FM  line  shapes  to 
be  automatically  recorded  on  an  XY  recorder.  This  equipment  was 
used  to  obtained  line  shapes  for  pulsed  optical  pumping  apparatus. 
The  results,  which  are  shown  in  Figures  3-6,  shed  some  light  on  the 
reason  for  the  dependence  of  output  frequency  on  microwave  pulse 
duration  that  was  reported  previously  (p.  34,  ONR  Report  No.  N00014 
77-C-0646-001 ) . Figure  3 shows  the  cw  AM  and  FM  line  shapes.  The 
AM  line  width  (FWHM)  is  approximately  1.25  KHz  and  is  due  almost 
entirely  to  light  relaxation.  This  is  somewhat  larger  than  the 
value  of  1.1  KHz  previously  reported  for  the  cw  case  (Curve  B,  Fig- 
ure 14,  p.  49,  ONR  Report  No.  N00014-77-C-0646-001 ) , and  may  be 
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Figure  3.  AM  and  FM  line  shapes  for  the  pulsed  optical  pumping  fre- 
quency standard  when  operated  in  the  cw  mode.  The  AM  line  width 
(FWHM)  is  1.25  kHz.  The  location  of  the  origin  on  the  horizontal 
axis  is  arbitrary.  The  experimental  conditions  are  given  in  Table  1. 
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TABLE  1.  EXPERIMENTAL  CONDITIONS  FOR  FIGURES  3 TO  8 


The  notation  used  is  identical  to  that  of  ONR  Report  No.  N00014-77-C-0646-001 . 


attributed  to  a higher  lamp  operating  temperature. 

Figure  4 shows  the  line  shapes  for  pulsed  optical  pumping 

under  the  same  experimental  conditions.  The  AM  line  width 

(FWHM)  is  now  reduced  to  750  Hz.  Subsidiary  maxima  and  minima 

are  now  present  in  the  wings  of  the  line,  which  result  from 

pulsing  the  microwave  field  and  are  similar  to  the  line  shapes 

2 3 

obtained  for  single  velocity  molecular  beams.  ’ 

In  Figure  4 the  duration  of  the  microwave  pulse  was  1.25  msec. 
Figure  5 shows  what  happens  when  the  microwave  pulse  duration  is 
shortened  to  0.5  msec.  The  line  shape  is  now  very  distorted  and 
somewhat  broadened.  Figure  6,  for  which  the  microwave  pulse  dura- 
tion is  0.3  msec,  shows  the  distortion  increases  markedly  as  the 
microwave  pulse  duration  is  further  decreased;  at  this  point  the 
line  is  grossly  distorted  and  broadened.  It  is  obvious  that  this 
distortion  of  the  line  shape  will  produce  frequency  shifts  (large 
ones),  when  the  device  is  operated  as  a frequency  standard  and  that 
the  sensitivity  of  output  frequency  to  variations  in  microwave 
pulse  duration  found  previously  (Figure  12  of  ONR  Report  No.  00014- 
77-C-0646-001 , reproduced  here  as  Figure  7),  is  related  to  this 
line  distortion  effect. 

Although  it  is  clear  that  line  distortion  will  produce  fre- 
quency shifts,  it  is  not  clear  what  is  producing  the  line  distortion. 
One  possibility  is  that  as  the  microwave  pulse  is  made  shorter,  the 
rise  and  fall  times,  which  are  negligible  for  long  duration  pulses. 
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Figure  4.  AM  and  FM  line  shapes  for  the  pulsed  optical  pumping  fre- 
quency standard  when  operated  in  the  pulsed  mode.  The  microwave 
pulse  duration  was  1.25  msec.  The  AM  line  width  (FWHM)  is  750  Hz. 
The  location  of  the  origin  on  the  horizontal  axis  is  arbitrary.  The 
experimental  conditions  are  given  in  Table  1. 
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Figure  5.  AM  and  FM  line  shapes  for  the  pulsed  optical  pumping  fre- 
quency standard  when  operated  in  the  pulsed  mode  with  microwave  pulse 
duration  * 0.5  msec.  The  other  experimental  conditions  are  given  in 
Table  1.  The  location  of  the  origin  on  the  horizontal  axis  is  arbitrary. 
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Figure  6.  AM  and  FM  line  shapes  for  the  pulsed  optical  pumping  fre- 
quency standard  when  operated  in  the  pulsed  mode  with  microwave  pulse 
duration  * 0.3  msec.  The  other  experimental  conditions  are  given  in 

, 

Table  1.  The  location  of  the  origin  on  the  horizontal  axis  is  arbitrary. 
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Figure  7.  Relative  fractional  frequency  offset  as  a function  of 
microwave  pulse  duration.  Reproduced  from  ONR  Report  No. 
N00014-77-C-0646-001 . Experimental  conditions  are  given  in  Table  1. 


r 

| i 


become  relatively  more  important,  resulting  in  distortion  of  the 
spectrum  of  the  microwave  exciting  radiation.  Another  possibility 
is  that  for  short  microwave  pulses  (which  produce  less  relaxation) 
there  is  some  persistance  of  atomic  coherence  from  one  pulsed  pump- 
ing cycle  to  the  next.  This  could  give  a spurious  "Ramsey  pattern- 
like" effect. 


Narrowest  Attainable  Line  Width 

Figure  8 shows  an  AM  line  shape  for  a microwave  pulse  duration 
of  4.5  msec.  The  line  width  (FWHM)  is  190  Hz.  This  is  the  narrow- 
est line  width  that  we  have  observed  with  the  pulsed  pumping  appa- 
ratus. This  is  significantly  less  than  the  previous  narrowest  line 
width  of  360  Hz,  and  indicates  that  the  minimum  line  width  is  most 
likely  a function  of  the  relaxation  time  for  decay  of  the  oscillat- 
ing magnetization  (T2)  rather  than  the  relaxation  time  for  decay  of 
the  population  difference  (T^).  (This  is  the  case  theoretically  for 

cw  operation  in  the  limit  of  zero  microwave  power  broadening.)  For 
87  4 

Rb,  Vanier  has  shown  (theoretically)  that  T2  = (8/5)  T^.  Using 
our  experimental  value  of  Tj  = 1.2  msec,  we  can  calculate  that  T2  = 
1.9  msec.  If  the  narrowest  line  width  is  due  entirely  to  spin-ex- 
change broadening,  then  FWHM  - 1/(ttT2)  = 170  Hz.  Including  a con- 
tribution to  the  line  width  of  ~ 30-40  Hz  due  to  inhomogeneity  broad- 
ening gives  ~ 200  Hz  which  is  in  approximate  agreement  with  the  ex- 
perimental value  of  190  Hz. 

SUMMARY  OF  WORK  CARRIED  OUT  UNDER  THIS  CONTRACT 
This  section  gives  the  overall  summary  and  conclusions  for  the 
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Figure  8.  AM  line  shape  for  pulsed  optical  pumping  frequency  standard 
for  a microwave  pulse  duration  of  4.5  msec.  This  gives  the  narrowest 
line  width  observed  to  date  for  pulsed  pumping,  namely  190  Hz.  Ex- 
perimental conditions  are  given  in  Table  1,  The  location  of  the  origin 
on  the  horizontal  axis  is  arbitrary. 
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work  carried  out  under  this  contract,  and  draws  upon  material  pre 
sented  in  Appendix  A,  as  well  as  in  ONR  Annual  Summary  Report  No. 
00014-77-C-0646-001 . 


1 . Technical  Feasibility 

The  design  philosophy  adopted  in  the  present  work  is  that  it 
is  not  profitable  to  conduct  laboratory  experiments  using  principles 
and  methods  that  cannot  subsequently  be  applied  to  the  development 
of  a compact,  light  weight,  low  power  frequency  standard.  In  keep- 
ing with  this  design  philosophy,  all  experimental  work  described  in 
this  report  has  been  carried  out  using  a very  small  physics  package 
(consisting  of  lamp,  "integrated  cell,"  microwave  cavity,  magnetic 
shield,  photodetectors,  and  lamp  electronics)  that  occupies  a total 
volume  of  260  cc  (about  equal  to  the  volume  of  an  orange).  Using 
this  physics  package,  it  has  been  demonstrated  that  the  method  of 
pulsed  optical  pumping  is  technically  feasible  in  the  sense  that 
signal -to-noise  ratios  can  be  obtained  that  are  adequate  for  operat- 
ing the  device  as  a frequency  standard.  This  is  possible  because  of 
a dual  photocell  compensation  method  that  was  developed  in  the  course 
of  this  investigation. 


Short-Term  Frequency  Stability 


1 to  100  sec.) 


The  short-term  frequency  stability  has  been  measured  for  the 
pulsed  optical  pumping  frequency  standard  described  above.  The  re- 
sult is 


r 


When  the  pulsed  pumping  apparatus  Is  operated  cw  (no  pulsing) 
the  improvement  in  oy  is  less  than  a factor  of  two. 


It  should  be  pointed  out  that  the  oy  obtained  for  pulsed 

pumping  Is  comparable  to  that  of  present-day  commercial  rubidiums, 
most 

and  exceeds  that  of/comnercial  cesiums  for  the  same  averaging  times. 
Also,  It  Is  possible  that  this  oy  could  be  Improved,  perhaps  by  a 
factor  of  two,  with  further  work. 

3.  Long-Term  Stability 

Prior  to  homogenizing  the  C-field  and  eliminating  the  pseudo 
light  shift  (Appendix  A,  p.6),  long-term  stability  data  were  taken 
over  a period  of  ten  consecutive  days.  From  these  data,  the  square 
root  of  the  Allan  Variance  was  computed  for  averaging  times  of  24 
hours  and  48  hours.  The  results  obtained  are 

ay(T)  - (8.5  + 2.5)  x 10"*2 
1 " for  t ■ 24  hours 

(9  sample  Y^) 

ov(t)  - (4.4  ♦ 1.9)  x 10'12 
T ” for  t ■ 48  hours 

(4  sample  Yk) 

The  uncertainties  are  those  corresponding  to  one  standard  de- 
ft 

vlatlon,  assuming  white  frequency  noise. 

These  results  Indicate  that  the  pulsed  optical  pumping  fre- 
quency standard  is  not  yet  as  good  as  our  commercial  units.  However, 
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it  should  be  emphasized  that  the  pseudo  light  shift  effect  was 
present  during  these  measurements;  This  would  be  expected  to 
degrade  the  long-term  frequency  stability.  (Due  to  this  effect, 
a 1%  change  in  light  intensity  will  result  in  a fractional  fre- 
quency shift  of  6xl0"12.)  Because  of  the  time  factor  (see  p.6of 
this  report)  it  was,  unfortunately,  not  possible  to  repeat  these 
measurements  using  the  uniform  C-field  coil  (elimination  of  pseudo 
light  shift  effect),  but  if  this  were  to  be  done,  an  improve- 
ment in  long-term  stability  would  most  likely  result. 

4.  Light  Shift 

Using  the  method  of  pulsed  optical  pumping,  the  light  shift 
(fractional  frequency  shift  due  to  a 30%  reduction  in  light  In- 
tensity) has  been  reduced  by  an  order  of  magnitude  compared  to  cw 
operation.  The  residual  light  shift  (pseudo  light  shift  effect) 
of  1.5  x 10"10  that  remains  has  been  further  reduced  to  an  un- 
dectable  amount  (<1  x 1 0“ 1 1 ) by  using  a more  homogeneous  C-field. 
Thus,  to  the  precision  of  the  measurements,  the  light  shift  has  been 
eliminated.  (See  Appendix  A,  p.6  and  Table  5 for  details.)  It 
was  not  possible  within  the  time  frame  of  this  contract  to  make 
measurements  of  the  long-term  frequency  stability  under  conditions 
of  no  detectable  light  shift.  This  Is  unfortunate  because  the 
pseudo  light  shift  effect  is  still  sufficiently  large  that  a 1% 
change  In  light  Intensity  will  produce  a fractional  frequency  shift 
of  6 x 10'12. 
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5.  Temperature  Coefficient  of  Frequency 

Over  a 10°C  range  of  ambient  temperature,  the  temperature 
coefficient  (TC)  of  frequency  of  the  pulsed  optical  pumping  fre- 
quency standard  was  previously  found  to  be  +5  x 10"12/°C  (with 
electronic  temperature  compensation,  prior  to  most  recent  modi- 
fications). This  is  within  a factor  of  two  of  the  TC  of  the 
company's  commercial  rubidium.  For  the  pulsed  device,  both  the 
electronics  and  the  Rb  resonance  cell  are  temperature  sensitive, 
and  it  should  be  possible  to  make  significant  improvements  in  both 
areas.  For  example,  by  using  a different  combination  of  buffer 
gases  in  the  resonance  cell,  it  should  be  possible  to  reduce  the 
resonance  cell  TC  by  nearly  a factor  of  10.  This  was  attempted 
using  a mixture  of  nitrogen  and  krypton  as  the  buffer  gas.  The 
mixture  used  is  predicted  to  have  a low  TC  but  this  was  not  found 
to  be  the  case  experimentally  (see  p.  2 of  this  report).  Some  modi- 
fications have  been  made  to  the  electronics  to  reduce  the  TC  there. 

At  this  writing,  these  modifications  (p.6,  this  report)  were  still 
in  the  debugging  stage  and  it  is  therefore  too  early  to  evaluate 
their  effect. 

6.  Dependence  of  Frequency  on  Pulse  Parameters 

It  Is  found  that  If  the  values  of  the  pulse  parameters  of  the 
pulsed  pumping  frequency  standard  are  changed,  the  output  fre- 
quency changes.  For  each  pulse  parameter  Investigated  (light  pulse 
duration,  T^;  microwave  pulse  duration,  Ty;  dark  period  duration,  Tdj 
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it  is  found  that  there  is  a range  of  values  where  the  frequency 
changes  quite  rapidly,  and  another  (separate)  range  of  values  where 
the  frequency  changes  much  more  slowly.  In  general,  it  has  been 
found  that  it  is  possible  to  choose  parameter  values  so  that  the 
sensitivity  of  the  output  frequency  to  small  changes  in  parameter 
values  is  minimized.  In  general,  this  can  be  done  without  having 
to  sacrifice  signal.  This  approach  seems  adequate  for  stabilities 
of  a few  parts  in  1012  over  days  and  weeks,  but  if  stabilities  of 
parts  1013  and  101**  are  to  be  realized  over  the  same  periods  of 
time  (and  longer),  then  it  will  be  necessary  to  use  a more  fundemen 
tal  approach. 

The  most  sensitive  parameter  of  the  three  mentioned  is  the 
microwave  pulse  duration,  T . It  has  been  found  that  the  sensi- 
tivity of  the  output  frequency  to  changes  in  T^  is  related  to  dis- 
tortion of  the  line  shapes  as  T^  is  reduced  below  1 msec.  At  the 
present  time,  the  cause  of  this  line  shape  distortion  is  not  known, 
but  at  least  two  possibilities  exist  (pp.6,14)  that  should  be  in- 
vestigated in  the  future. 

7.  Position-Shift  Effect 

The  "postion-shift  effect"  occurs6  in  frequency  standards  of 
the  type  used  In  this  work.  It  is  due  to  Inhomogeneous  broadening 
in  the  physics  package,  combined  with  spatially  nonunifonm  optical 
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pumping  and  interrogation  of  the  Rb  atoms.  In  general,  only 
two  sources  of  inhomogeneous  broadening  are  possible:  that  due 
to  a nonuniform  static  magnetic  field  (C-field  nonuniformity)  and 
that  due  to  a true  light  shift. 

Based  on  the  NBS  findings6  alone,  it  is  virtually  certain 
that  the  pseudo  light-shift  effect  is  due  to  the  position-shift 
effect.  Indeed,  if  there  is  no  true  light  shift  in  the  pulsed 
mode,  as  we  believe  to  be  the  case,  then  the  position-shift  effect 
could  be  completely  eliminated  by  homogenizing  the  static  magnetic 
field  (C-field);  this  would  remove  the  only  remaining  source  of  in- 
homogeneous broadening.  This  has  been  done  as  part  of  this  contract 
and  it  has  been  determined  that  this  reduces  the  pseudo  light-shift 
to  an  undetectable  amount.  Although  there  has,  as  yet,  been  no  at- 
tempt to  verify  it  experimentally,  this  modification  should  also  re- 
duce the  sensitivity  of  the  output  frequency  to  changes  in  micro- 
wave  power. 


8,  Theoretical  Model  of  Device  Operation 


for  understanding  the  physics  of  device  operation,  which  is  im- 
portant for  a fundemental  approach  to  device  improvement. 

9.  Relaxation  Times 

A knowledge  of  relaxation  times  is  also  important  for  a fund- 
emental understanding  of  device  operation.  One  of  the  results  of 
this  work  has  been  the  development  of  a new  method  for  the  measure- 
ment of  the  relaxation  time  T-j  (time  constant  for  decay  of  the  pop- 
ulation difference)..  This  method  is  complementary  to  previous 
methods. ^ ’4 

Measurements  of  for  our  experimental  conditions  show  that 
the  dominant  relaxation  mechanism  is  spin-exchange.  Our  best  set 
of  measurements  provides  evidence  for  the  presence  of  two  distinct 
relaxation  times.  While  this  might  be  due  to  a spurious  instru- 
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mental  effect,  it  could  also  be  due  to  two  different  values  of  T 

87  87 

for  our  apparatus:  one  for  Rb-  Rb  spin-exchange  relaxation, 

87  85 

and  the  other  for  Rb-  . Rb  spin-exchange  relaxation.  If  this  re- 

87 

suit  is  real,  it  would  be  of  considerable  interest  because  the  Rb- 
85 

Rb  spin-exchange  relaxation  rate  has  not  been  previously  measured. 
10.  Line  Shapes 

The  rubidium  resonance  line  shapes  for  both  pulsed  and  cw  opera- 
tion have  been  measured.  From  this,  the  following  conclusions  can 
be  drawn:  (1)  For  line  widths  greater  than  about  200  Hz,  the  line 
width  is  proportional  to  1/T^  where  T^  is  the  duration  of  the  micro- 
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wave  pulse.  (2)  The  "Intrinsic"  line  width  for  pulsed  oper- 
ation in  our  apparatus  is  approximately  200  Hz  and  is  due  al- 
most entirely  to  T^-type  spin-exchange  relaxation.  (3)  For  cw 
operation,  the  line  width  is  approximately  1100  Hz  and  is  due 
mostly  to  light  relaxation.  Therefore,  for  our  experimental  con- 
ditions, narrower  line  widths  can  be  obtained  when  the  apparatus 
is  operated  in  the  pulsed  mode.  (4)  The  line  shapes  for  pulsed 
operation  show  small  subsidiary  maxima  in  the  wings  of  the  line. 

This  type  of  line  shape  has  also  been  observed  in  molecular  beam 
experiments,  and  is  due  to  the  pulsing  of  the  microwave  radiation. 

RECOMMENDATIONS  FOR  FUTURE  WORK 
1 . Long-Term  Stability  Measurements 

Additional  phase  comparison  data  should  be  taken  for  the  pulsed 
optical  pumping  frquency  standard  over  a period  of  several  weeks, 
or  more,  under  controlled  environmental  conditions.  This  will  allow 
calculation  of  aY(x)  for  t 1 > 24  hours.  This  should  be  done  using 
the  more  uniform  C-field  configuration  to  reduce  the  pseudo  light 
shift  effect  to  a negligible  value,  and  after  complete  debugging  of 
all  recent  improvements  (modifications)  to  the  apparatus.  These 
measurements  would  most  likely  be  limited  by  the  verifiable  (trace- 
able to  NBS)  stability  of  our  house  standard  to  a precision  of  < 4 
x 10”12  for  t • 24  hours  (8.6  x 10"  sec),  and  < 2 x 10‘12  for  r * 1 
week  (6  x 105  sec).  If  these  measurements  were  to  yield  a oy(t)  that  were 
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limited  by  the  stability  of  the  reference,  then  it  would  be  neces- 
sary to  have  access  to  a more  stable  (for  t > 24  hours)  reference 
to  establish  the  true  value  of  Oy  (x ) for  the  pulsed  optical  pump- 
ing frequency  standard. 

2.  Temperature  Coefficient  of  Frequency 

Work  should  be  continued  to  find  a buffer  gas  mixture  having 
low  temperature  coefficient  (TC).  So  far,  only  one  gas  mixture 
has  been  tried.  Some  effort  should  be  made  to  understand  how  the 
absence  of  light  shifts  affects  the  TC  of  the  resonance  cell  as  a 
function  of  the  buffer  gas  mixture. 

The  modifications  to  the  electronics  that  were  made  to  reduce 
the  TC  of  this  portion  of  the  apparatus  should  be  debugged  and  the 
residual  temperature  sensitivity  of  the  electronics  assessed  experi 
mentally. 

3.  Frequency  Shifts  due  to  Changes  in  Pulse  Parameters 

More  work  should  be  done  In  this  area  for  the  reasons  dis- 
cussed previously.  Effort  should  be  directed  primarily  to  under- 
standing the  sensitivity  of  output  frequency  on  microwave  pulse 
duration,  Ty,  since  this  Is  the  most  sensitive  parameter.  As  least 
two  possible  causes  of  this  effect  have  been  mentioned;  they  should 
be  Investigated. 

It  Is  well  known  that  the  effect  of  pulsing  a sinusodlal  wave 
Is  to  generate  sidebands  that  are  placed  symmetrically  about  the 
carrier  frequency.  These  sidebands  are  equally  spaced,  with  the 
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spacing  between  adjacent  frequency  components  being  equal  to 
1/T  where  T = pulse  repetition  rate.  The  amplitude  of  these 

v L 

components  is  determined  by  the  microwave  pulse  duration.  The 
effect  of  these  additional  frquencies  on  device  operation  should 
be  examined  to  see,  for  example,  if  it  is  possible  to  lock  the 
atomic  resonance  to  one  of  these  components  rather  than  to  the 
carrier  frequency.  The  possibility  of  frequency  pulling  by  side- 
band asymmetry  should  be  studied  in  addition.  Also,  the  large 
frequency  shifts  that  occur  as  a function  of  T , when  T^  is  small, 
(see  Figure  7)  may  be  related  to  the  amplitude  and  location  of 
these  sidebands  in  some  way.  This  is  an  area  that  also  demands 
investigation.  Efratom  has  just  recently  acquired  a high  resolu- 
tion spectrum  analyzer  for  the  range  20  Hz  to  40  GHz  with  which 
this  spectrum  could  be  studied. 


4.  Theoretical  Model  of  Device  Operation 

The  present  model  should  be  extended.  Emphasis  on  model  de- 
velopment should  be  placed  on  the  averaging  processes  that  occur 
in  the  resonance  cell,  and  on  understanding  the  observed  line  shapes. 
For  understanding  device  operation  as  a frequency  standard,  the 
theoretical  approach  should  be  extended  to  include  FM  operation. 
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ELIMINATION  OF  THE  LIGHT  SHIFT  IN  RUBIDIUM  GAS  CELL 
FREQUENCY  STANDARDS  USING  PULSED  OPTICAL  PUMPING 

Thomas  C.  English,  Ernst  Jechart  and  T.  M.  Kwon 
Efratom  Systems  Corporation,  Irvine,  Ca. 


ABSTRACT 

It  is  well  known  that  changes  in  the  intensity 
of  the  light  source  in  an  optically  pumped, 
rubidium,  gas  cell  frequency  standard  can  pro- 
duce corresponding  frequency  shifts,  with  pos- 
sible adverse  effects  on  the  long-term  frequency 
stability.  Since  this  so-called  "light-shift" 
effect  is  due  to  the  simultaneous  presence  of 
pumping  light  and  interrogating  microwave  ra- 
diation, it  can  be  eliminated,  in  principle, 
by  alternately  pulsing  the  pumping  light  and 
the  microwave  radiation  so  that  there  is  no 
temporal  overlap. 

We  have  constructed  a pulsed  optical  pumping  ap- 
paratus with  the  intent  of  investigating  the 
frequency  stability  in  the  absence  of  light 
shifts.  Contrary  to  our  original  expectations, 
a small  residual  frequency  shift  due  to  changes 
in  light  intensity  has  been  experimentally  ob- 
served. Evidence  is  given  which  indicates  that 
this  is  not  a true  light-shift  effect.  Prelim- 
inary measu_ements  of  the  frequency  stability 
of  this  apparatus,  with  this,  small  residual 
"pseudo"  light  shift  present,  are  presented. 

It  is  shown  that  this  pseudo  light  shift  can  be 
eliminated  by  using  a more  homogeneous  C-field. 
This  is  consistent  with  the  idea  that  the  pseudo 
light  shift  is  due  to  inhomogeneity  in  the  phys- 
ics package  ("position-shift"  effect). 


INTRODUCTION 

At  the  present  time,  there  is  a real  need  for  compact,  lightweight, 
low  power,  highly  stable  atomic  frequency  standards.  This  is  ex- 
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emplified  by  programs  such  as  that  for  the  NAVSTAR  Global  Position- 
ing System,  or  GPS  for  short.  This  program  calls  for  state-of-the- 
art  size,  weight  and  power  reductions  for  atomic  frequei^y  standards, 
and  a long-term  stability  requirement  of  one  part  in  10  over  per- 
iods of  approximately  1 to  12  days  for  phases  II  and  III  of  GPS  (l). 
Requirements  such  as  these  can  be  expected  to  be  even  more  demanding 
in  the  future  as  the  overall  state-of-the-art  of  military  technology 
moves  forward. 

Table  1 summarizes  the  state-of-the-art  for  small  atomic  frequency 
standards.  The  hydrogen  and  cesium  devices  have  excellent  stability 
over  periods  of  weeks,  months  and  even  years.  Rubidium  is  less  satis- 
factory in  this  respect  but  has  the  advantage  of  much  smaller  size, 
weight  and  power  consumption.  The  ideal  frequency  standard  would  com- 
bine the  excellent  long-term  stability  of  hydrogen  and  cesium  with  the 
small  size,  weight  and  power  consumption  of  rubidium.  There  are  two 
possible  methods  of  approach  toward  this  goal.  The  first  is  to  reduce 
even  further  the  size,  weight  and  power  of  hydrogen  and  cesium  devices. 
While  further  small  reductions  might  be  possible,  it  is  unlikely  that 
these  devices  can  be  made  to  approach  present  day  rubidiums  in  this 
respect.  For  example,  even  for  cesium  a factor  of  9 in  size  and  a 
factor  of  7 in  weight  would  be  required.  Moreover,  relative  to  future 
rubidiums,  factors  of  18  and  12,  respectively,  would  be  required  {2}. 
We  are  therefore  led  to  the  second  method  of  approach,  which  is  to 
improve  the  long-term  stability  of  rubidium  devices  without  signifi- 
cantly increasing  size,  weight,  or  power  consumption.  Table  2 shows 
that  there  is  reason  to  believe  that  this  can  be  done. 
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The  best  reported  stability  for  rubidium  is  several  parts  in  10  for 
an  averaging  time  of  about  7 hours.  Two  such  measurements  have  been 
reported  {3,4},  each  on  a different  unit  at  different  time|  and  by 
different  groups.  In  addition,  a stability  of  parts  in  10A  for  T ■ 

6 hr  to  12  days  for  one  rubidium  device  has  been  reported  at  this 
conference  (this  device  uses  an  Efratom  physics  package)  {1}.  This 
stability  is  on  a par  with  cesium  {5}  and  is  only  about  a factor  of 
50  worse  than  the  "best"  reported  stability  for  hydrogen  {6}.  For 
times  longer  them  7 hours,  the  stability  of  most  rubidium  devices 
worsens,  most  likely  due  to  uncontrolled  changes  in  device  parameters. 
If  the  device  parameters  that  are  changing  could  be  determined  and 
controlled,  better  long-term  stability  would  result. 


FUNDAMENTAL  PHYSICAL  EFFECTS 

Figure  1 lists  those  fundamental  physical  effects  that  can  adversely 
affect  the  stability  of  rubidium  devices.  Let  us  consider  these  ef- 
fects one  at  a time. 
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Light  Shift 

The  insert  at  the  lower  left  of  Figure  1 shows  the  two  hyperfine  energy 
levels  of  rubidium  which  determine  the  rubidium  resonant  frequency. 

In  general,  when  a rubidium  atom  is  illuminated  by  the  light  used  for 
optical  pumping,  these  two  energy  levels  are  Stark  shifted  by  the  elec- 
tric field  of  the  light,  thereby  producing  a change  in  the  atom's  re- 
sonant frequency  {7}.  This  results  in  a frequency  shift  that  is  pro- 
portional to  light  intensity. 

This  effect  can  be  eliminated  by  interrogating  the  atoms  in  the  dark; 
that  is,  when  the  pumping  light  is  absent. 

Position-Shift  Effect 

The  position-shift  effect  {8}  is  due  to  inhomogeneity  in  the  physics 
package.  The  result  of  this  inhomogeneity  is  to  make  the  resonant 
frequencies  of  the  rubidium  atoms  depend  on  their  location  within  the 
cell,  as  indicated  schematically  at  the  lower  right  of  Figure  1. 

This  inhomogeneity  is  due  mostly  to  C-field  nonuniformity  and  also,  to 
a lesser  extent,  to  light  shift  nonuniformity.  Since  the  optical 
pumping  and  the  microwave  interrogation  are  also  nonuniform  over  the 
cell,  the  experimentally  observed  resonant  frequency  is  a weighted 
average  of  the  frequencies  of  the  individual  atoms  in  the  cell.  Now, 
if  the  intensity  of  pumping  light  were  to  change,  then  the  weighted 
average  would  for  example,  shift  so  that  those  atoms  in  the  center 
of  the  cell  might  be  favored  more  than  those  at  the  ends.  This  would 
obviously  result  in  an  increase  in  the  experimentally  observed  reson- 
ant frequency.  We  term  this  type  of  shift  the  "pseudo  light  shift" 
because  it  pan  mimic  a true  light  shift. 

Buffer  Gas  Shift 

The  buffer  gas  shift  {9}  occurs  due  to  collisions  between  the  rubidium 
atoms  and  the  buffer  gas  atoms,  and  is  dependent  on  buffer  gas  density 
and  temperature,  as  well  as  on  the  buffer  gas  that  is  used. 

Spectrum  of  Exciting  Microwave  Radiation 

Frequency  shifts  due  to  the  exciting  microwave  radiation  are  not  usual- 
ly a problem  if  care  is  taken  to  obtain  a spectrally  pure  exciting 
frequency  free  of  spurious  and  unwanted  sidebands  {lo}. 

Magnetic  Field 

Since  the  magnetic  field  sensitivity  (lo)  for  rubidium  is  only  about 
2 x larger  than  for  cesium,  magnetic  field  sensitivity  for  rubidium 
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is  not  significantly  more  of  a problem  than  it  is  for  cesium. 

It  is  very  difficult  to  give  estimates'  of  the  possible  frequency 
changes  due  to  these  effects  because  they  are  a very  strong  function 
of  the  individual  device  configuration  and  parameters.  In  spite  of 
this,  we  can  still  say  that  of  the  5 effects  listed  here,  the  first 
3 are  the  most  important. 

The  objective  of  the  experiments  that  we  are  carrying  out  is  to  improve 
the  long-term  stability  of  small  rubidium  devices.  Today  we  will  de- 
scribe some  preliminary  results  that  lead  toward  this  goal.  These 
results  deal  with  the  reduction  and  elimination  of  the  light-shift 
and  the  position-shift  effects,  and  have  been  obtained  with  the  ex- 
penditure of  less  them  one  man-year  of  scientific  effort. 


METHOD  FOR  ELIMINATION  OF  LIGHT  SHIFT 

Figure  2 shows  the  method  that  we  have  used  to  eliminate  the  light 
shift.  This  method  was  first  suggested  by  Arditi  {11} . First,  the 
light  is  pulsed  on  and  the  atoms  are  optically  pumped.  Then  the  light 
is  turned  off  and  the  interrogating  microwave  radiation  is  turned  on. 
The  microwave  radiation  is  then  turned  off  and  the  pumping  light  is 
turned  on  again.  This  basic  cycle  is  subsequently  repeated  many  times. 
Since  the  atoms  are  interrogated  in  the  dark,  the  light  shift  should 
be  eliminated.  This,  of  course,  assumes  that  the  atomic  coherence 
does  not  persist  from  one  cycle  to  the  next  {12}. 

Before  passing  to  the  next  slide,  we  note  that  in  our  experiments,  the 
atomic  transition  is  detected  by  optically  monitoring  the  absorption 
of  the  pumping  light.  This  is  essentially  the  same  detection  method 
as  that  used  in  all  conventional  rubdiums. 

Figure  3 shows  a block  diagram  of  the  apparatus.  The  pulser  alter- 
nately pulses  the  light  and  the  microwave  radiation  at  a 260  Hz  rate, 
as  shown  in  the  previous  slide,  so  that  the  atoms  are  interrogated  in 
the  dark.  The  remainder  of  the  apparatus  is  a conventional  frequency 
locked  loop.  The  modulation  frequency  of  10  Hz  is  chosen  to  be  about 
an  order  of  magnitude  smaller  than  the  pulsing  frequency  so  that  the 
two  signals  can  be  separated  by  filtering  before  synchronous  detection 
of  the  10  Hz. 

Figure  4 is  a photograph  of  the  physics  package,  which  is  a modified 
version  of  the  physics  package  used  in  the  Efratom,  Model  FRK  rubidium 
frequency  standard.  The  base  of  the  rubidium  lamp  is  at  the  right, 
and  the  magnetic  shield  that  encloses  the  resonance  cell  and  microwave 
canity  is  at  the  left.  The  entire  unit  is  less  than  4 inches  long. 
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The  philosophy  adopted  in  this  work  was  that  everything  possible 
should  be  done  to  retain  the  small  size. 


RESULTS 

Light  shift  measurements  have  been  made  on  this  apparatus  and  the  re- 
sults are  shown  in  Table  3.  Measurements  were  made  of  the  fractional 
frequency  shift  resulting  from  a 30  % change  in  light  intensity.  Two 
sets  of  measurements  were  made  - - one  with  the  apparatus  operated  CW, 
and  the  other  with  it  pulsed. 

In  the  case  of  CW  operation,  we  expect  a large  light  shift.  This  was 
observed  for  each  of  two  different  rubidium  lamps  - - lamp  A and  lamp 
B.  These  two  lamps  differ  in  the  ratios  of  their  rubidium  isotopes. 
Lamp  A produces  a positive  light  shift,  and  lamp  B a negative  light 
shift.  This  is  in  agreement  with  the  theory  of  the  light  shift  in 
rubidium  87  as  worked  out  by  Mathur,  Tang  and  Happer  {7}. 

When  the  apparatus  is  operated  in  the  pulsed  mode  we  expect  to  see  no 
light  shift.  Yet  there  is  a change  in  frequency  with  light  intensity. 
This  change  is  about  a factor  of  10  smaller  than  the  CW  light  shift, 
and  we  can  tell  that  it  is  not  a true  light  shift  because  it  does  not 
change  sign  in  going  from  lamp  A to  lamp  B.  Other  tests,  which  we 
will  not  describe  here,  also  confirm  this  to  be  the  case.  For  these 
reasons  we  dub  this  effect  the  "pseudo-light-shift  effect."  We  will 
have  more  to  say  on  this  later. 

Table  4 shows  the  results  of  some  preliminary  frequency  stability 
measurements  that  have  been  made  on  our  pulsed  optical  pumping  appara- 
tus. For  pulsed  pumping,  the  short-term  stability  is  expected  to  be 
degraded  somewhat  by  noise  introduced  in  the  pulsing  process.  The 
short-term  stability  for  pulsed  pumping  has  been  measured  for  averag- 
ing times  from  1 to  100  seconds  and  found  to  improve  as  \/J~X  (foot- 
note A in  Table  4) . This  shows  that  we  are  dealing  with  white  fre- 
quency modulation  noise,  as  is  usually  the  case  for  passive  rubidium 
devices.  The  value  of  o (T)  for  100  sec  is  given  in  column  2 and  can 
be  compared  with  that  for  our  small  commercial  rubidiums.  The  result 
for  pulsed  pumping  lies  between  the  spec  for  our  two  commercial  models 
and  is  better  than  that  of  an  HP  5062C  cesium.  The  short-term  sta- 
bility of  the  pulsed  pumping  apparatus  is  therefore  quite  good,  even 
in  this  preliminary  stage,  and  can  almost  certainly  be  improved  fur- 
ther. 

The  long-term  stability  was  also  measured  for  a 24-hour  averaging  time 
and  a preliminary  value  of  approximately  5 parts  in  1012  was  obtained. 
This  is  not  yet  as  good  as  our  cosmercial  units. 
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After  these  stability  measurements  were  made  it  was  discovered  that 
there  were  several  device  parameters  that  were  not  under  tight  control. 
These  included  significant  second-harmonic  contamination  of  the  10  Hz 
modulation,  and  frequency  changes  due  to  changes  in  barometric  pres- 
sure. All  of  these  parameter  changes  can  be  expected  to  produce  fre- 
quency changes  of  parts  in  1012,  which  is  of  the  order  of  the  ob- 
served instability  over  24  hours.  The  pseudo-light-shift  effect  is  not 
negligible  at  this  level  either,  and  it  may  be  a contributor  to  the  ob- 
served instability. 

All  of  these  parameters  can  be  easily  controlled  except  for  the  pseudo 
light  shift.  However,  it  was  suspected  that  the  pseudo-light-shift 
effect  might  actually  be  a manifestation  of  the  position-shift  effect, 
as  mentioned  earlier.  To  test  this  hypothesis,  a new  C-field  was  con- 
structed for  our  physics  package  that  greatly  improved  the  homogeneity 
of  the  static  magnetic  field  and  which  should  therefore  greatly  dimin- 
ish the  position-shift  effect. 

Table  5 shows  the  result  of  using  this  new  C-field.  The  first  line  of 
this  table  is  a repeat  of  the  data  shown  in  Table  3 for  the  old  C- 
field.  The  second  line  shows  what  happened  when  some  small  steel  parts 
on  the  outside  of  the  microwave  cavity  were  removed.  This  improved 
the  C-field  homogeneity  and  also  reduced  the  pseudo  light  shift  by 
about  30  %.  Finally,  the  last  line  of  the  table  shows  the  results  for 
the  new  C-field.  The  pseudo  light  shift  is  now  undetectable,  of  the 
order  of  parts  in  1(A2  or  less  for  a 30  % change  in  light  intensity. 

To  summarize,  the  residual  light  shift  has  now  been  reduced  to  an  un- 
detectable amount  by  using  the  method  of  pulsed  optical  pumping  in 
conjunction  with  a homogeneous  C-field.  It  is  likely  that  the  new 
homogeneous  C-field  will  also  have  other  beneficial  effects,  such  as 
reduced  sensitivity  to  changes  in  microwave  power,  but  this  has  not 
yet  been  verified  experimentally. 

Our  plans  for  the  immediate  future  are  to  beat  down  the  known  sources 
of  frequency  instability  to  the  level  of  parts  in  lO1^  or  below,  and 
then  to  take  additional  long-term  stability  data.  It  is  expected  that 
this  will  lead  to  an  improved  long-term  stability  compared  to  the  pre- 
sent value  of  about  5 parts  in  10 1 2 for  T - 24  hours  which  was  taken 
before  the  pseudo  light  shift  was  eliminated.  Stability  data  over 
longer  periods  of  time  will  also  be  taken  to  see  if  there  is  an  im- 
provement there. 

Table  6 compares  our  preliminary  results  with  those  obtained  by  other 
investigators,  namely,  Arditi  and  Carver,  who  were  the  first  to  use 
the  method  of  pulsed  optical  pumping  for  elimination  of  the  light 
shift,  and  a Russian  group  that  has  done  several  man-years  of  work  in 


this  area 
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In  their  experiments,  Arditi  and  Carver  used  a high  sensitivity  micro- 
wave  receiver  to  detect  the  rubidium  resonance.  Because  of  the  com- 
plexity of  the  electronics  this  method  is  not  suitable  for  use  in  a 
practical  device.  The  Russians  used  an  optical  detection  method,  that 
has  the  disadvantage  of  requiring  2 rubidium  lamps.  We  also  use  an 
optical  detection  method  but  only  one  rubidium  lamp  is  required.  In 
addition,  we  have  used  a single  rubidium  cell  that  combines  the  filter- 
ing and  resonance  functions,  thereby  eliminating  the  need  for  a separ- 
ate filter  cell.  For  these  reasons  our  physics  package  is  extremely 
small,  which  is  desirable  in  a practical  device.  In  fact,  this  is  the 
same  physics  package  that  is  used  in  the  Efratom  small  commercial  rubi- 
dium frequency  standards. 

Arditi  and  Carver  saw  no  light  shift  at  the  level  of  a part  in  1010. 

On  the  other  hand,  the  Russians  did  observe  true  light  shifts  (due  to 
persistence  of  the  atomic  coherence)  but  were  able  to  minimize  them  by 
proper  choice  of  operating  conditions.  In  our  experiments  the  light 
shift  is  undetectable  so  that  if  it  exists  at  all,  it  is  of  order  parts 
in  1012 

or  less  for  a 30  % change  in  light  intensity. 

As  regards  stability,  Arditi  and  Carver  made  some  short-term  measure- 
ments at  the  level  of  about  1 x 10-10.  The  Russians  have  not  reported 
any  stability  measurements  for  reasons  unknown  to  us.  As  already 
mentioned,  we  have  measured  the  frequency  stability  for  our  apparatus 
and  found  it  to  be  of  the  order  of  parts  in  10^2 . However,  it  should 
be  emphasized  that  these  measurements  are  preliminary  and  were  made 
prior  to  elimination  of  the  pseudo  light  shift. 


PROGNOSIS 

At  the  present  time,  the  ultimate  frequency  stability  attainable  using 
the  pulsed  optical  pumping  method  is  not  known.  Possible  limitations 
could  be  due  to  changes  in  buffer  gas  pressure,  if  they  occur,  and 
also  to  changes  in  the  pulsing  parameters,  such  as  the  durations  of 
the  light  and  microwave  pulses.  It  is  known  that  frequency  shifts  do 
occur  due  to  changes  in  the  pulsing  parameters.  We  have  investigated 
this  phenomenon  using  the  old  C-field  and  have  estimated  that  it  cer- 
tainly is  important  at  the  level  of  parts  in  10*3. 

Future  efforts  will  concentrate  on  understanding  and  reducing  fre- 
quency sensitivity  to  changes  in  pulsing  parameters.  Effort  will  also 
be  devoted  to  devising  a method  for  studying  frequency  shifts  due  to 
possible  small  changes  in  buffer  gas  pressure. 
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TABLE  A 

PULSED  OPTICAL  PUMPING 
PRELIMINARY  STABILITY  RESULTS 
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LIGHT-SHIFT  MEASUREMENTS  FOR  DIFFERENT  C-FIELD 
CONFIGURATIONS  (LAMP  A) 
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SUMMARY  OF  PULSED  OPTICAL  PUMPING  RESULTS 
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FIGURE  1 

FUNDAMENTAL  PHYSICAL  EFFECTS  THAT  CAN  ADVERSELY  AFFECT 
THE  LONG-TERM  STABILITY  OF  PASSIVE  RUBIDIUM  DEVICES 
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FIGURE  3 

BLOCK  DIAGRAM  OF  APPARATUS 
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